Although there is unanimity of opinion that the nephrotic syndrome is characterized by proteinuria, hypoproteinemia, edema and hyperlipemia, there is considerably less agreement as to the mechanisms which result in these findings. It is now generally held that the proteinuria found in this disease is related directly to the renal lesion (1) and is not attributable to the excretion of abnormal plasma proteins (2). The cause of the severe hypoproteinemia in this disease, however, is a more controversial subject. The association of proteinuria and hypoproteinemia as cause and effect has been postulated by a number of investigators (1-4) and the occasionally prodigious amounts of plasma protein excreted by children with the nephrotic syndrome makes the relationship attractive. This concept, however, is not universally accepted (5), and it has long been suggested that the degree of hypoproteinemia may not depend upon the severity of proteinuria alone (6).
termine the factors responsible for hypoproteinemia in children with the nephrotic syndrome. Since the concentration of a given plasma protein in the circulation is dependent upon its rate of synthesis, its rate of loss from the body whether by catabolism or excretion or both, and its distribution within the body, an attempt was made to estimate these quantities for albumin, y-globulin and iron-binding globulin during various stages of this disease.
METHODS
Patients: Six children with the nephrotic syndrome were selected for study. The and no recognizable ascites); 3) full-blown disease in Group .III (three children with proteinuria, hypoproteinemia, anasarca, ascites and hyperlipemia). These children were fully ambulatory throughout the study, which took place during the summer months. No evidence of infection was observed in these children during the course of the investigation.
Method of study: Each of the six patients was first given radio-iodinated albumin and, when the radiation in urine and plasma had fallen to background level, radioiodinated y-globulin was injected. After the latter, when background level was again attained in urine and plasma, three of the children were given radio-iodinated iron-binding globulin. The proteins were injected intravenously; the specific activities of these protein preparations were such that no more than 1 mg. of iodoalbumin, 0.5 mg. of iodinated y-globulin or 0.2 mg. of iodinated iron-binding globulin was injected per patient. The maximum radiation employed in any given injection was 1.5 microcuries per kilogram body weight. Beginning 24 hours prior to the administration of radio-iodinated albumin and continuing throughout the period of study, the children were given 10 drops of Lugol's solution three times a day.
Radio-iodinated plasma proteins: Each lot of radioiodinated plasma protein used in this study was tested for free and loosely bound radio-iodide by dialysis, by precipitation of protein in 10 per cent trichloracetic acid in the presence of suitable carrier protein, and by precipitation of specific protein in the zone of antibody excess with specific rabbit antiserum (7) . Control studies indicated that unbound or loosely bound radio-iodide could be completely recovered in the dialysate or supernatants of these procedures. The three methods gave similar results.
One preparation of iodinated human plasma albumin obtained from Abbott Laboratories, No. 806-169-50, was considered satisfactory and was used in each of the six patients; less than 2 per cent of the radio-iodide in this preparation was unbound according to the above methods.
Using the quantitative precipitin reaction, the iodoalbumin 44 (2) . Preparation of specimens for analysis: Urine collection periods varied from several minutes at the beginning of each protein study to several days at the end of each study. Two or 3.0-ml. aliquots of urine were placed in screw cap vials for counting; for routine estimation of 12 mos. before this study. nonprotein radio-iodide, an additional aliquot of urine was mixed with an equal volume of 20 per cent trichloracetic acid, allowed to stand at 10 C for 6 to 24 hours, centrifuged, and aliquots of the clear supernatant placed in vials. Trichloracetic acid precipitation and immunochemical precipitation gave almost identical results for nonprotein radio-iodide. The difference between the total activity of the urine sample and that of the nonprotein radio-iodide in that sample was taken as the activity due to intact radio-iodinated plasma protein.
After venipuncture, blood was allowed to clot and the serum separated for counting. Serum rather than plasma was used, since the same specimen that was assayed for radioactivity could then be used for immunochemical estimations.
In this report, serum and plasma concentrations of the plasma proteins studied have been considered equivalent. Periodically, aliquots of blood were mixed with sodium oxalate for estimation of hematocrit.
Edema fluid was obtained near the termination of each plasma protein disappearance study in the three patients of Group III. A No. 19 spinal needle, 1.5 inches long and with stylet in place, was inserted into the subcutaneous tissues of the leg in a dependent position; upon removing the stylet, fluid without any traces of red cells flowed freely directly into a centrifuge tube. Unfortunately, serial sampling of edema and ascitic fluids was not done.
Assay of radioactivity: A well-type, sodium iodide crystal scintillation counter was employed which gave 9.4 X 105 counts per minute per microcurie of I'. All specimens in 2.0 or 3.0-ml. aliquots were placed in 15 by 45 mm. screw cap vials for counting. Radioactive standards were prepared for each iodinated plasma protein studied for each individual patient. Using the same syringe and needle that had been used for the injection and an aliquot of the same solution of radioactive protein used in that instance, a dilution of the injected material was prepared and aliquots of 2.0 and 3.0 ml. were placed in vials as above; these served as standards for the appropriate volume of unknown, thus avoiding problems of decay and geometry.
Immunochemical methods: Rabbit antisera vs. crystallized human serum albumin, human 'y-globulin and crystallized human iron-binding globulin were prepared as previously described (2, 10) . The spectrophotometric method was used for analysis of specific precipitates (7 Definitions of terms: For the sake of clarity, the following definitions are given:
The body pool or total exchangeable pool of a given plasma protein is the total amount of that protein in the body which is available for exchange with additional or newly synthesized molecules of that specific protein.
The turnover half-time of a plasma protein is the amount of time required for half of the body pool of that protein to be lost to the body through all channels of loss. The turnover half-time due to catabolism (or urinary loss) is the time required for half of the body pool of the protein in question to be lost through catabolism (or urinary loss). The fractional rate of catabolism (or urinary loss) is that fraction of the body pool of a given protein that is catabolized (or excreted) per unit time. Turnover-time or half-life are expressions that are frequently used instead of turnover half-time; the fractional rates of catabolism and urinary loss are turnover rates.
The rate of synthesis, catabolism, or urinary loss is the amount of protein that is synthesized, catabolized, or lost in the urine per unit time, respectively.
The volume of distribution of a protein is taken as the volume that a protein would occupy if the total exchangeable pool of the protein had a uniform concentration equal to the plasma concentration of that protein. Albumin A. The disappearance of iodinated plasma albumin from the circulation: The disappearance of radio-iodinated albumin from the plasma of the six children is shown in Figure 1 ; it should be noted that the ordinates are logarithmic. Simple graphic analysis of these curves resulted in the biological half-life values for total body albumin that are indicated in Table IIIA . The half-life of albumin in the patient of Group I would appear to be within normal limits (13, 14) ; the half-life of albumin in the patients of Groups II and III would appear to be greatly diminished.
Upon extrapolation of the exponential portions of the disappearance curves to zero time, at first glance it would appear that the children with anasarca and ascites had abnormally large volumes of distribution. Even correcting the curves of Figure 1 by the method of Berson, Yalow, Schreiber, and Post (14) , the apparent volume of distribution in the latter patients remained 7 to 10 times the plasma volume. Calculation of the amount of albumin 2 Direct examination of the edema fluids obtained from the children in Group III, however, revealed that in the period of exponential decline of iodoalbumin in the plasma, the specific activity of albumin in the edema fluid, in counts per minute per gram of albumin, was roughly 30 times that of the plasma; of the radioactivity in the edema fluid, less than 10 per cent was due to nonprotein radio-iodide. Multiplying the specific activity of the albumin in edema fluid by the amount of endogenous albumin present in the extravascular fluids9 indicated that the total amount of radioactivity present extravascularly at the time of sampling the edema fluid was roughly 9 to 10 times that in the plasma.
Thus, it would appear that the large volume of distribution obtained in each of the patients of Group III represented the final volume of distribution of the iodoalbumin administered and not that of the body pool of endogenous albumin. Actually, this situation should be expected in a three-or more compartment open system such as was the case in these children; mathematical analysis of such a system reveals that at no time will uniform specific activities exist throughout the system (15) . Under these circumstances, plasma disappearance curves cannot be used directly for estimation of the half-life or the volume of distribution of a body pool of endogenous protein (15) . These findings, however, do not militate against the assumption that radio-iodinated albumin is a suitable tracer for endogenous albumin. While the body pool of albumin in these children was presumed to be in a steady state in that the pool contained constant amounts of albumin with a given anatomical distribution in the body, it is almost unnecessary to state that the pool was in a continuous state of flux; albumin was lost from the pool by catabolism or excretion and was constantly replaced by newly synthesized albumin molecules. As will be shown later, intravenously administered iodoalbumin behaves as does newly synthesized albumin.
B. Calculation of rates of catabolism, urinary loss and synthesis of albumin: It should be carefully noted that, in the calculations which follow, several assumptions were made: 1) Radio-iodinated albumin is a suitable tracer for native albumin under the conditions of these studies, that in every way it behaves as does native albumin and is handled by the body as is native albumin; 2) nonprotein radio-iodide appearing in the urine is derived from catabolized albumin, i.e., the iodoalbumin is not simply deiodinated, but the molecule is catabolized in a manner analogous to the catabolism of native albumin; 3) the patient was in a steady state with respect to total circulating albumin and total body albumin.
That the patients could be considered to be in a steady state with respect to the amount of albumin in the body and in the circulation during the time period of this study was indicated by the following: 1) The maximum variation in serum albumin concentration as determined immunochemically throughout the study was ± 10 per cent; 2) the plasma volumes at the beginning of the study as estimated with iodoalbumin agreed reasonably well with those determined at the end of the study period using iodo-y-globulin (Table II) ; 3) the maximum weight gain over this period was 1.2 kilograms in the case of S. L., 0.1 and 2.7 kilograms for D. W. and K. S. The weight gain in these children was presumably due to accumulation of edema and ascitic fluids which have an exceedingly low protein concentration (2) . The maximum weight gain in the remaining children was 0.1 to 1.1 kilograms.
The cumulative urinary excretion of radioiodinated albumin and of nonprotein radio-iodide in these patients is plotted in Figures 2 and 3 . Correcting for the loss of iodoalbumin from the system because of blood sampling, 2 per cent to 3 per cent of the total dose, the estimated fraction of the total dose represented by urinary loss of iodoalbumin is charted in Table IIA .
If one assumed that albumin, when synthesized, enters the vascular 3 compartment before being distributed generally to the interstitial fluid, then it can be shown that the total albumin synthesized per unit time, A., can be obtained from the following expression: A = A.* or A= = A Ae A* or/A*A.f (1) where A0 is the amount of endogenous albumin lost in the urine per unit time, A.* is the total dose of radio-iodinated albumin, A* is the amount of radio-iodinated albumin lost in the urine after an infinite time period, and Af* is the fraction of total dose of labelled albumin lost in the urine as labelled albumin.
The amount of native albumin appearing in the urine, A,, was estimated immunochemically and the results appear in Table IIA . The amount of albumin synthesized per day was then calculated from Equation 1 and charted in Table IIA . Assuming that the loss of albumin from the body is due either to catabolism or urinary excretion, the amount of albumin catabolized per day, A,, was calculated: Ac = A. -Ae ( 2) It will be noted that the amount of albumin synthesized per day as calculated for these chil- 8 The bulk of evidence appears to indicate the liver as the source of albumin; it would then appear that this assumption is not unreasonable. Even assuming for a moment that the protein in question was synthesized and passed into the circulation via the lymphatics, the protein is transported to the circulation before passing into the interstitial fluids in general. The latter would probably be more to the point for -y-globulin, since this protein appears to be synthesized in the plasma cells of lymph nodes (16, 17) in addition to other sites (18 dren is in the upper limits of the normal range (14) .
C. Crude turnover rates of body albumin due to catabolism and urinary loss: If the albumin in the vascular compartment represents about 45 per cent of the total body albumin, TA (13, 14, 19) , the half-time of turnover of body albumin due to catabolism, t4, and urinary loss, t4i, can be calculated (Table IIIA) Table IIIA .
It would appear that the use of an extravascular albumin of 55 per cent of the total body albumin was not in serious error (+ 5 per cent) in patient R.S.B., as indicated by the extrapolation in Figure 1 . This figure, 55 per cent, would represent an upper limit for extravascular albumin for the children of Group II (2, 19 figure of 55 per cent, the total body albumin of the children of Group III was probably overestimated; the fractional rates of catabolism and urinary loss for these children, therefore, were actually greater than indicated.
It would appear from the data in Table II that hypoalbuminemia in the patients of Group II could be on a basis of massive albuminuria (patient E.T.) or a markedly increased fractional rate of albumin catabolism (patient A.B.), although elements of increased catabolism and urinary loss were apparent in both patients. The markedly severe hypoalbuminemia seen in the children with ascites and anasarca, however, was apparently the result of combination of both severe albuminuria and greatly increased fractional rate of catabolism of albumin.
It is obvious at once that, without accurate figures for extravascular albumin and total body albumin, these calculations are only approximate, but the significance of even these crude estimations is apparent. All six children were given radio-iodinated human y-globulin intravenously, and the disappearance of this labelled protein from the circulation is shown in Figure 4 . Estimation of the half-life of the protein in each patient by graphic analysis resulted in the values shown in Table IIIB ; the half-life values appeared to be within normal limits for patient R.S.B., but markedly shortened for the children of Group II and III. The apparent volume of distribution estimated by extrapolation to zero time (Figure 4 ) appeared within the normal range for Groups I and II, but COMPARED WITH THOSE OF THE PAin the case of Group III, the extravascular volume of distribution appeared to be 5 to 6 times the plasma volume even after "correction" for possible variations in catabolism (14) . Examination of edema fluids, after the logarithmic phase of disappearance of labelled protein from the plasma had been attained in the children with anasarca and ascites, revealed that the specific activity of the y-globulin in these fluids was some 8 times that of the serum. As in the case of iodinated albumin, this factor apparently would: 1) Increase the half-life of iodinated y-globulin in the circulation through a feedback; 2) indicate a much larger volume of distribution for iodinated y-globulin than is actually the situation for native .y-globulin in these patients.
The biological half-life of this preparation of radio-iodinated y-globulin in three normal children was 17 to 22 days.
B. Rates of catabolism, urinary loss and synthesis of y-globulin: The same assumptions which were necessary for the albumin calculations were applied to the study of -y-globulin. The cumulative urinary excretion of radio-iodinated -y-globulin and of nonprotein radio-iodide for these children are shown in Figure 5 ; it is to be noted that both coordinates are linear simply to indicate how these losses appear on this type plot instead of a semilogarithmic plot.
Calculations based on the same considerations of urinary losses as detailed for radio-iodinated albumin resulted in the values for catabolized and synthesized y-globulin indicated in Table IIB . It would appear from the data that in the nephrotic syndrome, synthesis of y-globulin may be normal or somewhat accelerated.
C. Crude turnover rates of total y-globulin due to catabolism and urinary loss: Using the same arguments as for iodinated albumin, the halftimes of turnover of total body y-globulin attributable to catabolism and urinary loss were estimated, as well as the corresponding fractional rates of turnover (Table IIIB) . It would appear that in one patient of Group II and two patients of Group III, catabolism was of greater influence in keeping the patient in a hypogammaglobulinemic state than was urinary loss; in one patient of Group II, E. T., the urinary loss of y-globulin appeared to exert the greater influence, and in S. L., both urinary loss and catabolism were of equal influence.
III. Studies with Radio-iodinated Iron-binding Globulin Three patients were given radio-iodinated human iron-binding globulin intravenously and the plasma disappearance studied; these patients were the two children of Group II and one child of Group III, S. L., The rates of catabolism, synthesis and urinary loss of iron-binding globulin and the turnover rates of this protein due to catabolism and urinary loss were calculated and are charted in Tables IIC and IIIC . The biological half-life for this radio-iodinated iron-binding globulin preparation in a normal child was 12 days. DISCUSSION It is apparent that in children with the nephrotic syndrome, hypoproteinemia is accompanied by a reduced plasma protein pool. For adequate interpretation of the data, it is essential to know whether a reduction in the plasma protein pool occurred as a result of an increased fractional rate of catabolism or whether body requirements demanded the catabolism of a certain minimum amount of plasma protein. In the latter instance, a reduced plasma protein pool resulting from other causes, such as urinary loss, would give rise to an increased fractional rate of catabolism.
Severe reduction in the total body pool of plasma protein in dogs by plasmapheresis (20, 21) and in mice by chronic bleeding (20) , did not increase the fractional rate of catabolism of homologous plasma albumin. Similarly, the extreme or complete reduction in the body pool of a single plasma protein due to failure in synthesis, such as in congenital agammaglobulinemia (22) or congenital afibrinogenemia (23), does not result in any increase in the fractional rate of catabolism of that protein. In addition, it will be noted that in patient E. T., despite a marked reduction in total body albumin and y-globulin, the fractional rate of catabolism of these proteins was not markedly increased. Available evidence indicates that the increased fractional rate of catabolism of plasma protein reported here was not secondary to a reduced plasma protein pool.
In the steady state, the rate of albumin synthesis must equal the rate of loss of albumin from the total body pool. It would appear from the data presented that hypoalbuminemia in children with the nephrotic syndrome is due to an increase in the fractional rate of loss of albumin from the body pool of greater magnitude than any increase in the rate of synthesis, and that this increase in turnover of total body albumin may be the iesult of a combination of two factors: 1) An increase in the fractional rate of catabolism of albumin; and 2) albuminuria. Moderate hypoalbuminemia, such as that seen in the two children without mani-fest ascites but with minimal edema, apparently can be due either to: 1) A relatively severe albuminuria with a moderate increase in the fractional rate of albumin catabolism; or 2) a greatly increased fractional rate of catabolism of albumin in association with but a relatively moderate degree of albuminuria. In children with ascites and anasarca, however, the fractional rate of albumin catabolism and the renal loss of albumin are both greatly increased. In the child who had recovered from the nephrotic syndrome, but who still had a mild proteinuria, the rate of albumin catabolism was apparently within normal limits.
The hypogammaglobulinemia found in this disease can similarly be explained by an increase in y-globulin turnover due to an increase in the fractional rate of catabolism of y-globulin and by losses of y-globulin from the circulation through the renal glomerulus. Thus, almost all of the children of Groups II and III showed increased fractional rates of catabolism; in one child of Group II (E. T.), the increase in turnover of body y-globulin could be attributed to renal loss rather than to any increase in catabolism.
The deficiency in circulating iron-binding globulin seen in children with the nephrotic syndrome (24) apparently is attributable to the same factors found for y-globulin and albumin; viz., renal loss and an increase in the fractional rate of catabolism of this protein.
The rates of synthesis of albumin and ironbinding globulin in these children, in grams per unit time, were found to be at the upper limits of the normal range. While the rates of synthesis of y-globulin also were generally found to be within normal limits, in one child the rate of synthesis was definitely above normal. Certainly, the rates of synthesis determined are somewhat lower than the 2.5 to 5-fold increase in plasma protein synthesis suggested by others (1, 25) . This is in accord with the finding that in animals kept on diets normal in protein content and who have been severely depleted of plasma protein by plasmapheresis or by chronic bleeding, the rate of synthesis of albumin was the same as that in normal controls (20) .
Using S85-methionine (25) and N'5-glycine (26) , other investigators have found an increased incorporation of these labels into new plasma protein in the nephrotic syndrome; this has been interpreted as indicating a greatly accelerated rate of plasma protein synthesis in this disease. It has been indicated in this report, however, that the turnover rates of the plasma proteins studied may be greatly increased during the nephrotic state and that the concentrations of these proteins in the plasma were much lower than normal; under these circumstances, and especially in the presence of a reduced amino acid pool (27) , the rate of label incorporation as measured by the rapid increase in specific activity need not necessarily reflect an increased rate of synthesis of these proteins in terms of grams per day.
In a study of protein and carbohydrate metabolism in nephrotoxic nephritis induced in rats, Drabkin and Marsh (28) have just reported a similar increase in incorporation of C14 in tissue proteins as well. They concluded that an increased turnover of body protein occurred in the nephrotic rat. They also concluded that the metabolic adjustments found in the rat were related to proteinuria in that the metabolic pathways were channeled into increased protein synthesis in an attempt to adjust to renal excretion of protein (29) . In several of the children reported here, the fractional rate of catabolism, however, was of greater influence on the turnover of plasma protein than was the fractional rate of renal excretion, and protein synthesis was not greatly increased in any.
During the course of this report, the reader has been subjected to a seemingly inordinate series of assumptions which may be true only within certain limits. For simplification, in the presentation of the results of this study, it was assumed that the radio-iodinated plasma proteins used in this investigation were satisfactory for studying the catabolism of the native proteins. This was done with full realization that this assumption may not have been strictly true. In children with congenital agammaglobulinemia, for example, it has been found that the rate of catabolism of radioiodinated y-globulin is considerably faster than that of unlabelled y-globulin (22) . To test this possibility, Table IV was constructed assuming that the catabolized fraction of the native albumin had been overestimated by a factor of 2; it can be seen that the general conclusions reached need not be radically changed. If, by unusual circumstance, the iodinated albumin had been catabolized to alter the conclusions.
SUMMARY
Six children in various phases of the nephrotic syndrome were given tracer doses of radio-iodinated human plasma albumin and radio-iodinated human y-globulin intravenously in sequence. Three of these children were then given intravenous injections of radio-iodinated human ironbinding globulin. The disappearance of specific radio-iodinated plasma protein from the circulation and its cumulative appearance in the urine were studied; the urinary excretion of nonprotein radio-iodide was also investigated. Unlabelled albumin, y-globulin, and iron-binding globulin in serum and urine, and in several instances in edema fluid, were estimated immunochemically and the renal clearances of these proteins determined.
Calculations indicated that the half-time of turnover for native plasma albumin could not be estimated from the plasma disappearance curves of the radio-iodinated analogue in the edematous patient; in the phase of exponential disappearance from the circulation, the specific activity of the given protein in the extravascular fluid was found to be 8 to 30 times that in the plasma. The large apparent volume of distribution obtained by extrapolation of the exponential portion of these curves is, at least in part, a reflection of this difference in specific activities and while the extrapolation indicates the volume of distribution of the radioiodinated plasma protein during this phase, it does not measure the volume of distribution of the native protein in the steady state.
The deficiencies of albumin, y-globulin and ironbinding globulin seen in the plasma of children with the nephrotic syndrome are due to an increased fractional rate of catabolism of these proteins in association with renal losses. Moderate hypoalbuminemia without apparent ascites but with minimal edema may be associated with either a greatly increased fractional rate of catabolism of albumin or a severe degree of albuminuria; severe hypoalbuminemia with ascites and anasarca is the result of both greatly increased catabolism and severe albuminuria occurring simultaneously.
The rates of synthesis of albumin, y-globulin and iron-binding globulin in these children were at the upper limits of the normal range except that in one instance, an increased rate of y-globulin synthesis was found. 
